Abstract: Slow light is a very important concept in nanophotonics, especially in the context of photonic crystals. In this work, we apply our previous design of band-edge slow light in silicon waveguide gratings [M. Passoni et al, Opt. Express 26, 8470 (2018)] to Mach-Zehnder modulators based on the plasma dispersion effect. The key idea is to employ an interleaved p-n junction with the same periodicity as the grating, in order to achieve optimal matching between the electromagnetic field profile and the depletion regions of the p-n junction. The resulting modulation efficiency is strongly improved as compared to common modulators based on normal rib waveguides, even in a bandwidth of 20-30 nm near the band edge, while the total insertion loss due to free carriers is not increased. The present concept is promising in view of realizing slow-light modulators for silicon photonics with reduced energy dissipation.
Introduction
Slowing down the propagation of light waves has been a vibrant area of research in recent years [1] . The speed of light can be reduced to values as low as 17 m/s in ultracold atomic gases by the mechanism of electromagnetically induced transparency [2] . Slow light in photonic integrated circuits, especially in silicon photonics, is much less spectacular in terms of slowdown factors, but potentially more interesting for applications due to the enhancement of light-matter interaction. Key issues for practical applications are the group index enhancement, its tradeoff with the bandwidth, and the propagation losses. Much research and efforts have been devoted to the realization of slow light in two-dimensional (2D) photonic crystal slab waveguides [3, 4] . Indeed, photonic crystals (PhCs) possess many degrees of freedom that can be usefully exploited to realize, e.g. flat-band slow light with designed bandwidth and low group-velocity dispersion [5] [6] [7] [8] or the enhancement of nonlinear effects [9] [10] [11] . Nevertheless, photonic crystal waveguides require advanced fabrication and are not employed in industrial devices, which are typically based on conventional silicon ridge/rib waveguides.
Our focus here is the application of slow light to integrated Mach-Zehnder (MZ) modulators in the SiliconOn-Insulator (SOI) platform. MZ modulators for silicon photonics are optical modulators that exploit the variation of the refractive index in one or both arms of a MZ interferometer [12] [13] [14] [15] [16] . Optical modulators are crucial components for optical communication as they are the active elements that encode the information of a bit stream into the optical carrier wave. For high-speed operation required for optical communication, the most appropriate modulation mechanism exploits the plasma dispersion effect in a reversebiased p-n junction, namely the change of the refractive index due to a variation of the free-carrier concentration [17] . Standard MZ modulators have two arms made of rib waveguides, which include sections with a lateral p-n junction that act as on optical phase-shifter [18, 19] . The main limitation of such a device is the poor overlap between the depletion region of the p-n junction and the optical mode profile. As the resulting change of the effective refractive index is quite small, the modulator length has to be of the order of millimeters, which in turn determines the capacitance and the power dissipation of the device.
In our previous work [20] we optimized the geometry for slow light in waveguide gratings (also known as corrugated or fishbone waveguides) that are made of alternating wide/narrow sections of a rib waveguide in SOI. Waveguide gratings are periodic structures along the direction of propagation that lead to photonic stop bands and to slow light close to the band edges. Such waveguide gratings can be incorporated in standard silicon photonic circuits, as they can be connected with silicon rib waveguides by means of low-loss tapers [21] [22] [23] [24] [25] [26] . In Ref. [20] we designed the optimized parameters of SOI waveguide gratings for a target wavelength in the O-band (λ = 1.3 μm) by finding a proper tradoff between the group index enhancement and the slow-light bandwidth. In the present work we optimize phase shifter arms of MZ modulators by matching the optical profile of the slowlight mode with the electrical profile of the free carriers in the p-n junction. This is achieved by using an interleaved p-n junction, which varies periodically along the propagation direction of the optical wave. While previous studies of MZ modulators with either slow light [27] [28] [29] or with interleaved p-n junctions [30] [31] [32] [33] have been reported, the focus here is the synergic use of both concepts. The combination of slow light and interleaved p-n junction is shown here to yield a modulation efficiency that is considerably improved with respect to standard modulators or to the use of both effects alone, while retaining a wide bandwidth that is essential for optical communication. The designed structure fulfills the required constraints for fabrication on industrial technology platforms [34] , and may be suitable for the realization of MZ modulators with reduced energy dissipation.
Despite considerable literature on slow light in 2D photonic crystal waveguides, as discussed above, applications of such slow-light structures to electro-optical modulators are uncommon. A review on slow-light MZ modulators based on Si photonic crystals is given in Ref. [35] . We should notice that slow-light MZ modulators with interleaved (or, more generally, modulated) p-n junctions have been deeply studied in the context of 2D PhC waveguides for wavelengths in the C-band (λ = 1.55 μm) [36, 37] . The grating waveguides considered here have the advantage of being more compatible with standard silicon photonic circuits on widespread industrial platforms, especially because the structure is simpler and less demanding in terms of optical design and fabrication, and low-loss tapers with standard rib waveguides are easily available. Resonator-based modulators with interleaved p-i-n junctions leading to matching with optical mode have also been developed [38] [39] [40] . Such resonators have typically a small bandwidth, unlike the MZ modulators proposed in this work.
The rest of this paper is organized as follows: in Section 2 we briefly review the optimization of bandedge slow-light structures. In Section 3 we describe the interleaved p-n junction and the corresponding electrical simulations. In Section 4 we present the results of electrooptical simulations, which are applied in Section 5 to calculate the modulation efficiency and the propagation losses of phase shifters. The dynamic behavior is also calculated. Section 6 contains a summary and discussion of the results.
Slow light in silicon waveguide gratings
The waveguide gratings considered in this work are displayed in Figure 1 , and consist of a silicon rib waveguide with periodically modulated waveguide width embedded in SiO 2 . The slow-light behavior arises from the flattening of the band dispersion at the edge of a photonic band gap. These structures were systematically studied in our previous work [20] , and two optimized configurations will be analyzed here. The common parameters of both structures are the waveguide thickness s = 310 nm, the fill-factor d 1 /a = 0.5 where a = d 1 + d 2 is the period, and the widths W 1 and W 2 that are equal to 100 nm and 800 nm, respectively. The two configurations differ mainly for the silicon thickness in the etched cladding regions, t: the first structure has t = 150 nm and is named SLOW150, while the second structure has t = 50 nm and is denoted as SLOW50. These values correspond to common technology platforms for optical interconnects [34] . To lock the lowest band edge at λ = 1.3 μm, the period has to be fixed as a = 218.1 nm and a = 234.7 nm for SLOW150 and SLOW50 configurations, respectively. The photonic band dispersion and group index of the lowest TE mode are plotted in Figure 2 for both SLOW150 and SLOW50 configurations. Both Si and SiO 2 are treated as dispersionless materials with a dielectric constant ε = 12.299 and 2.093, respectively. The increase of the group index in the proximity of the band edge is clearly evident, and it is more prominent in the SLOW50 case, due to the greater strength of the periodic modulation in this configuration. We see, for example, that a group index n g > 10 is compatible with a bandwidth of ~10 nm. Notice that the photonic dispersion lies entirely below the air light line, thus the lowest TE mode is truly guided with no intrinsic losses, while actual propagation losses will be of extrinsic type and related to disorder-induced scattering at the vertical sidewall roughness [41, 42] . The designs fulfill the requirement of a minimum feature size ~100 nm, thus the structures may be fabricated by deep UV lithography with low losses.
Electrical structure and simulation
In order to enhance the efficiency of a phase-shifter based on the plasma dispersion effect, it is very important to maximize the overlap between the region in which the refractive index is modified -i.e. the voltage-dependent depletion region of the p-n junction -and the optical mode of the waveguide. In phase shifters based on a conventional rib waveguide, this is usually achieved by using a lateral p-n junction with an optimized junction position [43] . More complex geometries like interleaved [33] or U-shaped [44] p-n junctions have also been considered. In these cases, the geometry of the p-n junction is chosen in order to optimize the overlap with the optical mode in the transverse directions, i.e. perpendicular to the waveguide axis. The scheme proposed in this work consists in an interleaved p-n junction whose period is twice the period of the waveguide grating and with a trench depth W i of 1 μm, see Figure 3A and B. The goal of such a structure is not only to increase the overlap between the depletion region and the optical mode in the transverse direction, but also to exploit the reshaping of the field profile caused by the slow-light waveguide. Indeed, the electric field -see Figure 3C -has the typical profile of an optical mode near the low energy edge of a band gap, i.e. it is a dielectric mode featuring a strong localization of the field in the regions with higher (effective) index, i.e. in the thicker sections of the grating. As a consequence, this particular doping arrangement provides an ideal superposition between the depletion regions of the junction and the dielectric regions in which the electromagnetic field is more intense.
We assume doping concentrations to be N = 1.4 × 10 18 cm −3 and P = 5 × 10 17 cm −3 as in the literature [43] . Then, we calculate the charge density in the junction as a function of the applied reverse voltage by employing the software Lumerical DEVICE. The code solves the drift-diffusion equations, by applying the finite element method over an unstructured grid [45] . Due to the periodic nature of the structure, the analysis of only one period a is needed, and symmetric boundary conditions are applied along the waveguide direction. The obtained distribution is then interpolated on a regular grid, for clearer visualization and further processing.
As we can see from the example in Figure 4 , the depletion region lies in the center of the wider section of the waveguide grating and its width increases with the applied voltage. As a consequence, the refractive index of the waveguide is modified by the plasma dispersion effect. This leads to a phase shift of the propagating optical mode, which is calculated in the next Section. While the charge profiles of Figure 4 are representative of the general behaviour of the interleaved p-n junction in the grating waveguide, the detailed features of the depletion region depend on the exact values of the dopings and also on a possible offset between the junction position and the center of the wide sections. Using a smaller p-type than n-type doping is justified by the fact that the plasma-dispersion effect [Eq. (1) below] is stronger for holes than for electrons. A full optimization of doping levels and profiles has to consider the tradeoffs among various figures of merit (modulator efficiency, losses, cut-off frequency…) and is left for future work. We should also notice that possible deviations or inhomogeneities in doping levels between the unetched and etched regions of the silicon material (as pointed out in Ref. [46] ) would not affect the main feature of the present structure, namely the same periodicity of electrical and optical profiles.
Optical simulation
Once the distribution of the free carriers is known, the effect of the applied voltage on the optical mode propagation can be quantified. For this purpose, we first describe the plasma-dispersion effect by converting the charge distribution into a dielectric constant variation using Soreflike equations [17] 2.80 10
where N, P are the electrons and holes densities in cm
, λ is the wavelength in meters (here λ = 1.3 μm), Δn and Δk are the differences in the real and imaginary part of the refractive index, respectively. The resulting dielectric constant ε + Δε, where 2 ( ), n i k ∆ε ε ∆ ∆ = + is plugged into the optical simulation, which then calculates the photonic mode dispersion by the aperiodic Fourier-modal method (A-FMM) [47, 20] . In the process, the dielectric constant in each unit cell is discretized using 40 slices, thus with a spatial resolution of about 5 nm. The required Fourier transforms within a single slice are handled numerically.
In order to describe the performance of the phase shifter in terms of modulation efficiency and propagation losses, we need to calculate the photonic mode dispersion in a periodic grating. In practice, two kinds of optical simulations can be performed. When only the change in the dispersion is needed (i.e. for calculating the phase shift), the optical simulation can be done considering only the change in the real part of the dielectric constant. This greatly simplifies the treatment, since the Bloch vector is purely real and the fitting procedure described in the Appendix can be used. The more complete simulation, including also the imaginary part of the dielectric constant, is used to calculate the propagation loss due to free-carrier absorption, which can be extracted from the imaginary part of the Bloch vector.
In both cases, we need to calculate the scattering matrix for one period of the structure. Due to the plasma dispersion effect, the period 2a of the waveguide with interleaved doping is twice the period a of the waveguide grating, see Figure 3A and B. However, a simplification can be made by noting that adjacent periods of the waveguide grating, which are different from the electrical point of view, are the mirror image of each other and produce the same phase-shift for the optical mode. We therefore treat two adjacent periods as being identical in the optical simulation, which means that the doped waveguide is still treated as a periodic medium with period a. This assumption greatly simplifies the calculation, as the resulting band dispersion for the structure with period a can be fitted with an analytic formula with few parameters, as explained in the Appendix. We checked the validity of this approximation by comparing the resulting photonic dispersion with that calculated for the full doped waveguide with period 2a, finding excellent agreement (deviations on the band dispersion <10 −7
, compared to ~10 −3 variation due to the applied voltage).
The effect of the applied voltage on the band dispersion is displayed in Figure 5 as the difference in the effective (phase) index of the optical modes between the biased and unbiased waveguide. The enhancement due to slow light is evident, as shown by the increase of the effective index difference towards the band edge. As expected, this effect is stronger in the SLOW50 than in the SLOW150 structure, since the SLOW50 structure has an increased slowdown factor that enhances the plasma dispersion effect.
In addition, in Figure 6 we report the excess loss due to free-carrier absorption for both slow-light configurations, extracted from the imaginary part of the effective index of the mode as α =(20/ln 10) · ωk eff /c. The plotted results refer to the unbiased waveguides, and represent in a sense the worst-case scenario, since reverse-biasing the junction reduces the absorption loss by lowering the free-carrier density in the waveguide. It can be seen that both configurations exhibit an increased propagation loss towards the band edge, as is well known to happen for slow light. However, the relevant quantity is the total insertion loss of the phase shifter, which is evaluated in the next Section.
Results on phase-shifters
The main figure of merit for a phase-shifter is usually taken to be V π L π , namely, the product of the driving voltage and of the length that is needed to yield a π phase difference with respect to the unbiased case. V π L π is commonly referred to as the modulation efficiency, and it generally increases as a function of the applied reverse voltage V, since the width of the depletion region increases sublinearly with V and so does the phase shift at a fixed length. In general, V π L π depends also on the wavelength, but in phase-shifters based on conventional rib waveguides this dependence is negligible. This is not the case in our slowlight waveguides, because the phase modulation is closely related to the group index, which depends strongly on the wavelength.
As for the insertion loss, a common figure of merit is IL(L π ), obtained as the propagation loss per unit length α times the length L π . Here, α is calculated at V = 0, while L π depends on the voltage: this should again be viewed as a quantification of losses in a worst-case scenario, and it applies to MZ modulators in a push-pull configuration where one of the two phase shifters is always kept at V = 0 [19] . A typical modulator operates with a phase shift ~0.15π in each arm, thus the length has to be L = 0.15L π and the actual insertion loss is ~0.15 · IL(L π ).
The obtained V π L π as a function of wavelength is reported in Figure 7 for both SLOW150 and SLOW50 configurations. The effect of slow light is clearly evident, as V π L π decreases monotonically when moving towards the band edge, where the group index increases. Taking advantage of this effect, values of V π L π around 0.1 V cm can be reached, although within a small spectral window (1-2 nm wide) in the proximity of the band edge. This value for the modulation efficiency is about one order of magnitude lower than those obtained in conventional ridge waveguides, where V π L π is typically above 1 V cm [15] . Performance of the slow-light structures remains good even when a greater bandwidth is required. In particular, the SLOW50 configuration at low voltage shows a V π L π lower than 0.3 V cm over a spectral window of about 30 nm, which is adequate for many telecom applications. This wide bandwidth follows from the spatial matching of the electromagnetic field profile with the depletion region of the p-n junction, which is maintained in a wide spectral region below the band edge.
To see the advantage of the present slow-light design, we present in Table 1 a comparison between the calculated performance of the SLOW50 structure and those of two representative rib waveguides with lateral and interleaved p-n junctions, respectively [33] . Considering first the modulation efficiency V π L π , we notice that the interleaved p-n junction gives an improvement over the lateral p-n junction even in a normal rib waveguide configuration [33] . When the slow-light structure is considered, V π L π is further reduced to values as low as 0.1-0.3 V cm at 5-10 nm from the band edge λ = 1.3 μm. This clearly shows the advantage of combining slow light with the interleaved p-n junction, which strongly improves the performance in a wide bandwidth. Considering now the losses, the propagation loss in dB/cm increases, when going from the normal, to the interleaved, to the slow-light structures: however, IL(L π ) is nearly the same for all configurations. In practice, this means that the optimal length of a slow-light modulator can be a fraction of a mm, i.e. much smaller than in conventional modulators, thus yielding the same total insertion loss but with a strongly improved modulation efficiency.
Reducing the modulator length has also the advantage of improving tolerance against disorder-induced losses due to fabrication processes. A modulator length below 500 μm means that propagation losses up to several 10 dB/cm can be tolerated, which is well within the reach of current fabrication technologies, with margins of improvement thanks to the use of immersion lithography [16] .
It is also interesting to quantify the effect of p-n junction geometry in the slow-light structure. For this purpose, we calculate the figures of merit for the SLOW50 configuration but using a lateral p-n junction with the same doping levels. At λ = 1330, 1320, 1310, 1305 nm and V = 1 V we obtain V π L π = 0.94, 0.79, 0.59, 0.45 V cm, respectively, which is nearly three times larger than for the interleaved p-n junction. For the same wavelengths, the propagation losses at V = 0 are 28.7, 34.0, 45.8, 60.4 dB/cm, leading to IL(L π ) ~27 dB at 1 V, which is much higher than the values reported in Table 1 . Thus, we conclude that the use of the interleaved p-n junction greatly improves the efficiency and reduces the insertion loss of the slow-light modulator, thereby demonstrating the key role of spatial matching between the p-n junction and the optical field profile. Rib lateral (interleaved): normal rib waveguide configuration with lateral (interleaved) p-n junction [33] . SLOW50: slowlight configuration of this work with t = 50 nm, at four different wavelengths. To calculate the frequency response of the phase shifter, we model the structure as an RC circuit and analyse the small-signal response with Lumerical DEVICE. The resistance and the capacitance are obtained from the complex impedance Z = R + 1/(jωC). The 3 dB cutoff frequency is calculated as f 3dB = 1/(2πRC), and it is independent of the modulator length L, since C ∝ L and R ∝ 1/L. The simulation setup now includes additional highly doped p + and n + regions, see Figure 8A . We choose W d = 1.2 μm, a total width W t = 2.0 μm, and dopings of 1 × 10 19 cm −3 in the p + and n + regions, with metal contacts at the borders. With these values the waveguide propagation losses are not increased over those reported in Figure 6 , as we have verified. The results as a function of bias voltage are reported in Figure 8 . The behavior is similar for the two slow-light configurations, showing an increase of resistance and a decrease of capacitance for increasing voltage, both effects being caused by an expansion of the depletion region. The SLOW50 configuration has higher resistance and lower capacitance compared to the SLOW150 configuration, the first effect dominates and leads to a smaller cut-off frequency. The SLOW150 configuration can reach f 3dB > 12.5 GHz, which can sustain a bit rate up to 25 Gbps with non-return to zero format, or even up to 50 Gbps with PAM-4 encoding [48] . The corresponding rates for the SLOW50 configuration are about a factor of two smaller. There is much room for improving the dynamic behavior by tailoring the doping levels and the spatial profiles of both low-and highly doped regions. Systematic optimization is left for future work.
Configuration
The advantage of the slow-light modulator design becomes more useful at small driving voltage, which has a beneficial effect on the energy dissipation given by CV [14, 19] , and are comparable to those obtained with PhC waveguides [37] .
Conclusion
Summarizing, we propose a new strategy for exploiting slow light in silicon Mach-Zehnder modulators. The idea is to combine band-edge slow light in a waveguide grating with an interleaved p-n junction along the propagation direction, which has the same period of the optical waveguide. This leads to optimal matching between the propagating electric field and the depletion regions of the p-n junctions, and results in a strongly improved modulation efficiency over a bandwidth up to 20-30 nm. The use of an interleaved p-n junction is especially useful to increase the bandwidth of the slow-light modulator, as the spatial matching between the depletion region and the field profile in the waveguide grating is wavelengthindependent. The modulation efficiency V π L π is in the range 0.1-0.5 V cm, depending on the operating bandwidth and on the driving voltage, the best performances being obtained at low voltage V ~ 1 V.
It is important to notice that the total loss of the slowlight design presented here is not increased with respect to modulators based on normal rib waveguides. Interestingly, the use of an interleaved p-n junction significantly reduces the loss of the slow-light structure relative to a lateral p-n junction: e.g., IL(L π ) ~27 dB and ~6.5 dB with lateral and interleaved p-n junction, respectively (the corresponding insertion losses for a length L = 0.15L π are 4 and 1 dB). In summary, the use of the interleaved p-n junction in the slow-light modulator improves the efficiency and reduces the free-carrier induced insertion losses. A notable simplification in these time-consuming calculations is given by the procedure that relies on the photonic band structure for a single period, which is fitted with a simple analytic formula. It should be remarked that the present design is not especially optimized. Further improvements of the modulation efficiency are expected by optimizing the doping and/or the junction position inside the waveguide. The present structures can support highspeed modulation, and there is room for improving the cutoff frequency by tuning the doping levels and doping profiles both inside and outside the waveguide. Clearly, a proper tradeoff between modulation rate, losses, and energy consumption will have to be determined for specific applications. Thus, we expect that further improvement of modulator performance will be possible, and that the present concepts can find application to reduce the energy dissipation in MZ modulators on current-day technology platforms.
Once the photonic band dispersion in the waveguide grating is calculated, the phase shift of one modulator arm is obtained as Δφ(ω) = k(ω)L, where k(ω) is the wavevector as a function of frequency and L is the length of the phase shifter arm. The calculations are greatly simplified by fitting the band dispersion with an analytic formula that results from perturbation theory [20] .
The dimensionless frequency 2 a c
ω Ω π = is related to the dimensionless distance from the band edge (1 ) k a π δ = − using the following formula: 
